From evolutionary and physiological viewpoints, the Escherichia coli bgl operon is intriguing because its expression is silent (Bgl ؊ phenotype), at least under several laboratory conditions. H-NS, a nucleoid protein, is known as a DNA-binding protein involved in bgl silencing. However, we previously found that bgl expression is still silent in a certain subset of hns mutations, each of which results in a defect in its DNA-binding ability. Based on this fact, we proposed a model in which a postulated DNA-binding protein(s) has an adapter function by interacting with both the cis-acting element of the bgl promoter and the mutated H-NS. To identify such a presumed adapter molecule, we attempted to isolate mutants exhibiting the Bgl ؉ phenotype in the background of hns60, encoding the mutant H-NS protein lacking the DNA-binding domain by random insertion mutagenesis with the mini-Tn10cam transposon. These isolated mutations were mapped to five loci on the chromosome. Among these loci, three appeared to be leuO, hns, and bglJ, which were previously characterized, while the other two were novel. Genetic analysis revealed that the two insertions are within the rpoS gene and in front of the lrhA gene, respectively. The former encodes the stationary-phase-specific sigma factor, S , and the latter encodes a LysR-like DNA-binding protein. It was found that S is defective in both types of mutant cells. These results showed that the rpoS function is involved in the mechanism underlying bgl silencing, at least in the hns60 background used in this study. We also examined whether the H-NS homolog StpA has such an adapter function, as was previously proposed. Our results did not support the idea that StpA has an adapter function in the genetic background used.
The Escherichia coli bgl operon is involved in the utilization of ␤-glucosides, such as salicin and arbutin, as carbon sources (12, 14) . Curiously, however, although the bgl operon is intact in the genetic sense (genetically bgl ϩ ), its expression is silent in the wild-type background (phenotypically Bgl Ϫ ) in that the wild-type cells are unable to utilize ␤-glucosides as sole carbon sources. The mechanism underlying such a silencing of bgl has been a long-standing subject of debate and has been studied extensively, particularly from evolutionary and physiological viewpoints (for a review, see reference 10 and references therein). Recent extensive studies have suggested that for bgl silencing, both the cis-acting element including the bgl promoter region and some trans-acting protein factors are required. In this respect, the DNA element upstream of the bgl promoter was proposed to function in a manner similar to eukaryotic silencer sequences. Schnetz (13) postulated that a region including the bgl promoter is organized into a nucleoprotein structure that prohibits the expression of bgl. The wellknown H-NS nucleoid protein was suggested to be a DNAbinding trans-acting factor involved in the formation of the nucleoprotein structure, because expression of the bgl operon is fully derepressed in hns null mutants (2, 21) . Several mutant alleles other than hns that affect the Bgl phenotype have been reported. They include gyrA, gyrB, bglJ, and leuO, but their roles in bgl silencing are less evident (3, 6, 19) .
In the course of previous studies on the structure-function relationship of H-NS, members of our group realized that bgl expression is still silent in a certain subset of hns mutants (21) . The expression of bgl is fully repressed even in cells producing a C-terminally truncated H-NS, which lacks the entire DNAbinding domain. It was thus postulated that the DNA-binding nature of H-NS is not essential for bgl silencing. This led to the hypothesis that a certain DNA-binding protein(s) has an adapter function that allows the H-NS to be properly sited on the cis-acting element of the bgl promoter (21) . In the hope of finding an as-yet-unidentified putative adapter, in this study we intensively screened mutants which exhibit the Bgl ϩ phenotype in a certain genetic background, hns60, specifying a C-terminally truncated H-NS (21) . We identified two such mutant alleles, one in rpoS and the other in lrhA. Further analyses of these mutants showed that one of the E. coli sigma factors, S , is crucial for bgl silencing in cells producing the C-terminally truncated H-NS. In fact, Free et al. (4) previously addressed a similar issue. They found that bgl silencing caused by a C-terminally truncated H-NS is abolished in an stpA null mutant. Together with the fact that the stpA gene encodes an H-NS homolog, the authors proposed that StpA is the presumed adapter protein. This view is discussed in relation to our findings.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains used in this study are listed in Table 1 . The strains were all derivatives of CSH26 [⌬(pro-lac) ara thi] (11). The hns::neo mutation was constructed by replacement of the internal HpaI-PvuII fragment of the hns gene with the neo gene. The recombinant plasmid pTO13 was constructed as follows. A 1.1-kb EcoT22I-DraI fragment encompassing the entire lrhA gene was purified from 9C2 (8). After treatment with T4 DNA polymerase, the fragment was inserted into the previously blunted BamHI site of pUSI2 (16) . The resultant plasmid was designated pTO13.
Transposon insertion mutagenesis. Transposon insertion with mini-Tn10cam was carried out essentially according to the method of Kleckner et al. (7) . CSH26 cells were grown in Luria broth at 37°C to the mid-logarithmic phase. A portion of the culture was infected with a lysate of NK1324 and then plated onto a Luria agar plate containing chloramphenicol (25 g/ml). The chloramphenicol-resistant (Cm r ) transductants were pooled and infected with P1vir phage to prepare a P1 phage lysate, which was stored and used for P1 transduction. Bgl ϩ transductants were first screened on MacConkey lactose plates containing 0.1% sali-cin and chloramphenicol (25 g/ml) and then scored on agar plates containing 0.02% bromothymol blue (as a pH indicator) and 0.5% salicin.
Assaying of ␤-galactosidase. Cells were grown at 37°C in TB medium (17) supplemented with 5 mM ␤-methyl-D-glucoside to induce bgl expression. Ampicillin (50 g/ml) was added to the medium, if necessary. Assaying of ␤-galactosidase was performed essentially according to the method of Miller (11) .
Immunoblotting analysis. Total cellular proteins were prepared by precipitation with trichloroacetic acid (final concentration, 5%) and then collected by centrifugation. After a wash with ice-cold acetone, the precipitate was dissolved in 1% (wt/vol) sodium dodecyl sulfate-50 mM Tris-HCl (pH 8)-1 mM EDTA buffer. The protein concentration was accurately determined for each sample with a Micro BCA protein assay reagent kit (Pierce, Rockford, Ill.). Appropriate amounts of total cellular proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis followed by immunoblotting analysis with anti-S , anti-CbpA, and anti-H-NS polyclonal antisera.
RESULTS

Isolation of Bgl
؉ mutants in the hns60 background. As demonstrated previously (reference 21; see also the introduction), the hns60 allele on the E. coli chromosome specifies a mutant H-NS protein, named H-NS Q92am , which lacks the DNA-binding domain. In this hns60 background, however, expression of bgl is severely repressed (the Bgl Ϫ silencing phenotype), as in the case in the wild-type hns background, as mentioned above. In other words, the hns60 allele gives the wild-type phenotype as far as bgl silencing is concerned. Genetic characterization of the hns60 allele not only will provide new insight into the molecular mechanism underlying bgl silencing but also will be advantageous for identifying a presumed adapter molecule (see the introduction). Based on this assumption, strain CU319, carrying both the hns60 allele and the bgl-lacZ operon fusion gene on the chromosome, was mutagenized by transposon insertion mutagenesis with miniTn10cam carrying the Cm r gene (7 To determine whether these mutants are previously known ones, such as leuO, hns, and bglJ (2, 6, 19), we carried out a series of P1 mapping analyses using a set of Tn10 insertions, namely, zab-3051::Tn10 for leuO, zci-506::Tn10 for hns, and zji-202::Tn10 for bglJ. The results showed that of the 91 candidate mutations, 83, 1, and 2 appeared to correspond to leuO, hns, and bglJ, respectively. Further P1 mapping analyses with the remaining five mutations, using a set of Tn10 insertions in the entire E. coli chromosome (18) , revealed that one mutation (type 1) is linked to cysC95::Tn10 (61 min; 50% linkage) and the others (type 2) are all linked to zfb-223::Tn10 (51 min; 65% linkage). These results suggested that each mutational locus may be novel in terms of bgl silencing.
rpoS and lrhA mutations relieve bgl silencing. To identify the genes mutagenized in these two types of mini-Tn10cam insertions, each DNA segment encompassing the transposon was first cloned from the chromosome of each representative by using the cam gene (Cm r ) as a selectable marker. The results of sequencing analyses of the cloned DNA segments revealed that the transposon is within the rpoS gene in one case (type 1) and upstream of the lrhA open reading frame in the other case (type 2), as shown schematically in Fig. 1 . In the latter case, however, the transposon is in the noncoding region between Both the rpoS23 and lrhA83 mutants are effective only for hns60, i.e., not for wild-type hns. The rpoS gene encodes the S subunit of RNA polymerase, which is crucial for transcriptional regulation under several stressful conditions, such as nutrient starvation (9) . To clarify the effect of the rpoS23 mutation on bgl silencing, this particular allele was transferred into both the hns ϩ and hns60 backgrounds, and then the expression of bgl-lacZ was measured in each transductant. As shown in Fig. 2 , the ␤-galactosidase activity expressed by bgllacZ was very low in the hns ϩ background but significantly high in the hns60 background when the rpoS23 allele was introduced. This indicated that the effect of rpoS23 on bgl expression is an event specific to hns60. When another previously characterized rpoS null allele (22) was used for the same analysis, essentially the same result was obtained (Fig. 2, Tn10  bars) . In any event, this result suggested that the rpoS gene product is involved in bgl silencing in the hns60 background. We further confirmed this idea through a different approach, as follows. The recombinant plasmid pHN91 carries the hns60 allele under the control of an isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible tac promoter (20) . When the hns60 product, H-NS Q92am , was produced by pHN91 in an hns null mutant (hns::neo), the ␤-galactosidase activity expressed by bgl-lacZ was markedly reduced (Fig. 3A, lane 4) . However, such a result was not observed in an hns::neo rpoS::Tn10 double mutant (Fig. 3A, bar 6 ). It should be noted that the hns60 product was present in both genetic backgrounds (Fig. 3B) . These results also supported the view that rpoS function is required for the bgl silencing caused by H-NS Q92am . It is thus suggested that the rpoS gene product, S , may be a presumed adapter molecule, as discussed below.
lrhA encodes a DNA-binding protein belonging to the LysR family (lrhA stands for LysR homolog), but its physiological function is not yet clear (1) . We examined whether the lrhA83 allele also affects bgl silencing in a manner specific to hns60, as does the rpoS mutant. The results showed that this is the case (Fig. 4A) . We then assumed that the effect of lrhA83 is probably due to overproduction of the LrhA protein, as mentioned above. This was also demonstrated to be the case, as follows. The intact lrhA gene was cloned into a multicopy plasmid, pUSI2 (16) , to overproduce LrhA under the control of an IPTG-inducible tac promoter. The resultant plasmid, pTO13, was introduced into cells carrying the bgl-lacZ fusion, and then ␤-galactosidase activity in the presence of IPTG was measured. The results showed that such presumed overproduction of LrhA indeed resulted in the Bgl ϩ phenotype in the hns60 background (Fig. 4B) . Furthermore, consistent with the result with the lrhA83 allele (Fig. 4A) , such an event did not occur in the wild-type hns background (Fig. 4B) .
lrhA83 affects bgl silencing through rpoS function. As stated above for the lrhA83 mutant, it is most likely that transposon insertion results in the overproduction of LrhA, thereby yielding the Bgl ϩ phenotype in the hns60 background. During the course of this study, we came across an intriguing report that the overproduction of LrhA decreases the cellular content of S (5). This immediately led us to hypothesize that the Bgl ϩ phenotype observed in the lrhA83 mutant was due to reduced expression of rpoS. To examine this, the cellular content of S was determined by immunoblotting analysis. Indeed, the lrhA83 mutant cells were found to contain a markedly reduced amount of S ( Fig. 5A ; compare lanes 1 and 2). Overproduction of LrhA from plasmid pTO13 caused a similar event in the wild-type lrhA background (Fig. 5A, lanes 3 and 4) . These observations are consistent with the conclusion in the previous report (5) . To confirm this further, we examined the cellular content of the CbpA protein, whose expression is largely dependent on S (22) . It was found that the levels of CbpA were markedly reduced in lrhA83 cells and also in LrhA-overproducing cells (Fig. 5B) . From these results, we concluded that the lrhA83 mutation affects bgl silencing by modulating the content of S in hns60 cells. In other words, we obtained two novel Bgl ϩ mutations in the hns60 background, both of which impair rpoS function, one directly (rpoS23) and the other indirectly (lrhA83).
Does StpA function as an adapter molecule? The stpA gene encodes an H-NS homolog that functions as a multicopy suppressor of hns mutations (15, 24) . Free et al. reported previously that the bgl silencing caused by a C-terminally truncated H-NS is relieved in an stpA null strain, and they proposed that StpA is an adapter molecule (4) . Surprisingly, we did not succeed in isolating such stpA knockout mutations in our intensive screening. This prompted us to construct a strain carrying both the hns60 allele and an stpA null (stpA::spc) mutation. The double mutant cells were found to be very sick, i.e., they formed very tiny colonies even after prolonged incubation on standard agar plates. Another double mutant carrying stpA::spc and the hns52 (G113D) allele showed the same growth properties as the former one (note that the hns52 allele also specifies an H-NS mutant protein impaired in its DNA-binding ability [21] ). In any event, both double mutants exhibited the Bgl Ϫ phenotype on MacConkey lactose plates containing 0.1% salicin (data not shown). We then constructed a double mutant carrying both the null alleles (hns::neo and stpA::spc), which was apparently very healthy. We then introduced pHN91, specifying the H-NS Q92am mutant protein, into the hns::neo stpA::spc double mutant in order to determine the effect of the stpA mutation on bgl silencing. The result showed that the stpA mutation has no effect on bgl silencing in the hns60 background, under the H-NS Q92am induction conditions ( compare   FIG. 2 . Expression of the bgl operon in rpoS mutants. Cells carrying the rpoS and hns alleles as indicated were grown at 37°C to the mid-logarithmic phase in TB medium containing 5 mM ␤-methyl-D-glucoside, an inducer for the bgl operon. ␤-Galactosidase activity expressed by bgl-lacZ was measured by the method of Miller (11) . Each value is the mean ϩ standard deviation from four independent assays. WT, wild type. bars 4 and 8 in Fig. 3A) . It should be noted that we could not reliably interpret the results from the noninduction conditions because the amounts of the H-NS Q92am protein varied considerably depending on the genetic background.
DISCUSSION
In this study, we demonstrated that rpoS function is essential for bgl silencing by C-terminally truncated H-NS. How S functions in the mechanism underlying bgl silencing in the hns60 background is unknown. One explanation is that S regulates the expression of an as-yet-unidentified DNA-binding protein(s) that functions as a real adapter molecule. If this is the case, E. coli cells may have redundant genes encoding such adapters or the presumed gene may be essential for cell growth, because in spite of intensive genetic screening, we failed to identify such a single gene, except for rpoS. Alternatively, as we originally expected, S itself may be such an adapter molecule that can interact with both the bgl promoter region and H-NS Q92am .
S may have such a function because it has the ability to bind to both DNA and protein (e.g., certain promoter sequences and RNA polymerase core enzyme). This assumption led us to recall the previous finding that the stability of S is somehow affected by H-NS (23). It will be interesting to determine if S can bind directly to the H-NS protein. In this study, we searched for a protein(s) that plays a role in concert with H-NS in the mechanism underlying bgl silencing. Our findings revealed that S is crucial for bgl silencing, at least in the hns60 background. However, it should be emphasized that such a S function is seemingly dispensable for the bgl silencing observed in the wild-type background. The reason for this is unknown. The molecular mechanisms underlying the bgl silencing caused by the intact and truncated H-NS may be completely different from each other. But this view is unlikely a priori, because the repression mechanisms are equally relieved by certain dominant mutations that cause the overproduction of either LeuO or BglJ, as demonstrated in this and previous studies (6, 19) . Rather, we favor the idea that S may play a role even in the naturally occurring bgl silencing caused by wild-type H-NS. In this respect, it should be taken into consideration that the C-terminally truncated H-NS is func-
FIG. 3. bgl silencing by H-NS
Q92am requires rpoS function, but not stpA function. Strains with the indicated mutations and plasmids were grown in either the absence (Ϫ) or presence (ϩ) of 50 M IPTG to induce H-NS Q92am , and then the ␤-galactosidase activity expressed by bgl-lacZ (A) and the cellular level of H-NS Q92am (B) were measured, as described for Fig. 2 . For ␤-galactosidase activity, each value is the mean ϩ standard deviation from four independent assays.
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bgl SILENCING BY rpoS FUNCTION 6281 tionally intact with regard to bgl silencing, yet it causes very pleiotropic defects in other aspects of E. coli cell physiology (e.g., proV repression and porin regulation) (21) . Thus, the difference between the intact H-NS and C-terminally truncated H-NS may be solely in the thresholds of their sensitivities to the absence of S under the growth conditions we used. The S content in the hns60 background may be elevated, because H-NS is known as a negative regulator for rpoS expression (23) . Such a situation may also be advantageous for S to function cooperatively with C-terminally truncated H-NS. Based on this assumption, we are now extensively examining various growth conditions under which S affects bgl silencing in the wild-type hns background. In any case, our results suggested that the mechanism underlying bgl silencing is much more complex than originally thought. Whatever the molecular mechanism is, our results indicate that the S protein, which is crucial for a wide variety of fundamental cellular processes, is also involved in bgl silencing.
Finally, our result ( Fig. 3A ) with regard to StpA was not consistent with those of Free et al. (4) . As mentioned above, our stpA::spc hns60 double mutant was very unstable. When the cells were spread on appropriate agar plates, a small number of fast-growing colonies appeared among tiny colonies. They exhibited the Bgl ϩ phenotype, but the results of immunoblotting analysis showed that the hns60 gene product was hardly detected in such fast-growing cells (data not shown). They probably have an additional mutation in the hns60 locus. This result suggests that the double mutant used by Free et al. (4) may have such a secondary mutation. Other explanations, such as the different genetic backgrounds, are also plausible. In addition, we used a bgl-lacZ fusion to directly monitor the transcriptional event, whereas Free et al. measured Bgl enzyme activity. In any case, we failed to demonstrate that the stpA gene is involved in bgl silencing in the hns60 background. This controversial issue remains to be addressed extensively.
FIG. 4. (A)
Expression of the bgl operon in lrhA mutants. Cells carrying the lrhA and hns alleles as indicated were grown and then the ␤-galactosidase activity was measured, as described for Fig. 2 . Each value is the mean ϩ standard deviation from four independent assays. WT, wild type. (B) Effect of overproduction of LrhA on bgl expression. Transformants of the indicated strains with pUSI2 (a control vector) or pTO13 were grown at 37°C to the mid-logarithmic phase in TB medium supplemented with 5 mM ␤-methyl-D-glucoside, 25 g of ampicillin per ml, and 100 M IPTG, and then the ␤-galactosidase activity was measured as described above.
FIG. 5. Effect of LrhA overproduction on cellular content of
S . Strains CU319 (hns60 lrhA ϩ ), CU320 (hns60 lrhA83), BGL1 harboring pUSI2, and BGL1 harboring pTO13 were grown as described for Fig. 2 . Total protein samples were prepared at the mid-logarithmic phase, and then immunoblotting analysis of S or CbpA was carried out by using 15 or 60 g of each sample per lane, respectively.
